Introduction
ranging from 5 -115 μ M (Fig. 4C,D) . In T. pseudonana, non-linearity in the reaction rate (CO 2 2 0 1 hydration rate) vs. substrate concentration (CO 2 ) was observed only at the very highest CO 2 2 0 2 concentration. In T. weissflogii, there is more significant non-linearity allowing a Michaelis- Menten function to be fit to the data. From this fit, the half-saturation constant of eCA for CO 2 is T. pseudonana and T. weissflogii were grown for several generations at different pHs (7.7 2 1 0 -8.6) maintained by a pH buffer (EPPS) at constant C i (2 mM), concentrated, and assayed for 2 1 1 eCA activity at constant pH (8.0) and C i (2 mM) to determine the effect of growth conditions on 2 1 2 eCA expression. Under these culture conditions pH and CO 2 co-vary with CO 2 ranging between 7.8 to 8.1 but then increased dramatically above this pH (Fig. 5A ). eCA activity in T. weissflogii
was undetectable only in cells grown at the lowest pH (7.8) and then increased quickly to a high, Complementary experiments in which the culture pH was held constant, but C i was varied, also 2 1 9
showed that low CO 2 induced eCA expression in T. pseudonana (Fig. 5C ). The T. pseudonana
eCA activity data from the constant C i and constant pH experiments converge, following a single
trend, when plotted as a function of CO 2 concentration in the growth medium showing that eCA 2 2 2 expression was primarily controlled by CO 2 (Fig. 5D ). Effect of eCA inhibition on photosynthesis
We tested the effects of short-term eCA inhibition on photosynthesis. At a concentration photosynthesis, inhibiting O 2 production by 42 ± 5 % in T. weissflogii and 25 ± 8 % in T. Effect of eCA inhibition on growth
To test the long-term effects of eCA inhibition, growth rates of the two diatoms were 2 3 8 measured in the presence and absence of DBAZ (Table II) . The cultures were grown for 4-6 days but had no effect on growth at pH 7.8 (24 μ M CO 2 ) demonstrating that the inhibitor did not have any non-specific effects on metabolism. DBAZ had no significant effect of growth on T. Model assessment of eCA on surface boundary-layer chemistry 1
We used a spatially-resolved reaction-diffusion model of the diffusive boundary layer to 2 4 8 quantify the effect of eCA on boundary-layer chemistry (see Materials and Methods for details).
4 9
The primary role of eCA is thought to be the maintenance of bulk solution CO 2 concentrations at uptake in both species (Fig. 7) . In all cases however, the absolute size of the CO 2 gradient is
relatively small. In the absence of eCA, the concentration difference between the bulk solution An alternative role for eCA in recovery of leaked CO 2 as HCO 3 -for subsequent uptake
has also been suggested (Trimborn et al. 2008) . As CO 2 leakage is just the inverse of CO 2 uptake 2 6 1 the modeled effects of eCA on CO 2 gradients are very similar. In both diatoms, fully induced 2 6 2 eCA activity is able to convert nearly all the leaked CO 2 to HCO 3 -. However, even when eCA is HCO 3 -concentration is 0.7 μ M, which is only a 0.04% increase ( Fig 8A) .
Finally, eCA could also be involved in control of surface pH since the inorganic carbon has other roles.
While the magnitude of the CO 2 drawdown at the cell surface is relatively small (0.2 - support CO 2 uptake at the rate estimated for our culture conditions. The high permeability of 3 2 7 membranes to CO 2 means that this influx occurs passively, which is potentially more energy 3 2 8 efficient than active uptake of HCO 3 -, but requires the cell to generate a CO 2 gradient across the 3 2 9 cytoplasmic membrane. In the absence of eCA, intracellular CO 2 would need to be drawn down
further to maintain CO 2 uptake, which diatoms are capable of doing as shown their ability to take weissflogii at low CO 2 (Table II) , consistent with an increased energetic cost of inorganic carbon 3 4 3 acquisition without eCA, though inhibition of eCA had no detectable effect on the growth of T.
pseudonana, perhaps because its smaller size minimizes the magnitude of the bulk to surface
CO 2 gradient and the energetic costs associated with compensating for this gradient. However,
even a small energetic savings that allows a minor increases in growth rate can have major Alternative Roles for eCA
Alternative roles for eCA in the recovery of leaked CO 2 and regulation of cell surface pH follow Michaelis-Menten kinetics, in which the greatest sensitivity of uptake rate to substrate is a al. 2011), and so there is no CO 2 leaking from the cell to be recovered. eCA may be involved in pH maintenance since the C i system is the main pH buffer in seawater.
The best example of eCA's role in pH maintenance comes from human cancer cells where high and H + outside the cell, eCA helps to maintain an alkaline internal environment at the expense of diatoms on the other hand import CO 2 and HCO 3 -for carbon fixation. Since CO 2 is ultimately 3 6 8 the species fixed by RubisCO, the import and subsequent consumption of CO 2 has no net effect 3 6 9 on intracellular acid/base balance. However, imported HCO 3 -must be converted to CO 2 for fixation consuming a proton in the process. Organisms that transport HCO 3 -then need to import The diatoms Thalassiosira pseudonana (CCMP1335) and Thalassiosira weissflogii The initial pH of culture media was adjusted with HCl or NaOH (stored in sealed serum 4 1 7 vials to avoid CO 2 absorption) and measured on the total hydrogen ion scale using thymol blue The rate of 18 O removal from labeled C i was used to determine iCA and eCA activity. the chamber was maintained at 20 °C using a water jacket. 18 O-CO 2 species were monitored by 4 2 8
MIMS for ~10 min to determine the background rate of CO 2 hydration/HCO 3 -dehydration after the MIMS chamber and cells were added from a concentrated suspension. Light was provided which point AZ or DBAZ was added and O 2 production was monitored for a further ~10 min.
1
Measurements were made at the same pH as the cultures were grown, and at pH 8.0. space ( Fig. 1 ; Table III) . Fluxes between the compartments are described by mass-transfer 
with variables and parameters as described in Table III .
The solution volume (V e ) was measured directly and the intracellular volume was f c−BL = 4πRD, To assess the effects of eCA on boundary-layer chemistry we developed a simple treats the case in which there is a net CO 2 influx (photosynthetic uptake) to, or efflux (leakage) The net generation of CO 2 from HCO 3 -dehydration at the cell surface is: on the relative sizes of f c-BL and k sf , justifying k sf as a measure of eCA activity. which shows that as eCA activity (k sf ) increases the surface CO 2 concentration approaches that 
